Abstract Drilling operations in a borehole can lead to problems when the friction between the drilling equipments and the host rock are not well identified. This paper reports an experimental program carried out to characterize the shear behavior of an interface between a shale rock and the steel parts of the drilling equipment (bottom hole assembly and casing). Direct shear tests were performed with an advanced shear box, on interfaces made up of shale specimens and steel plates both in natural and water re-saturated conditions. The shear tests were performed at different normal stress levels from 2 to 12 MPa and the results show that the shear stress increases when the normal stress is increased. While the cohesion strength between the steel plate and shale is almost zero in a dry condition, this parameter reaches about 1 MPa in the presence of water. The average friction coefficient is determined to be 0.45 in the dry condition and it decreases to 0.21 when water is present. These findings should allow engineers involved in drilling operations and casing installation to assess more accurately the forces required to pull tools out of the borehole when problems arise. Therefore, this information could help to mitigate the risks encountered during well drilling.
Introduction
Drilling deep boreholes in shale formations can be difficult, especially when the borehole deviates. In such a situation, frictional forces between the drilling equipments (bottom hole assembly and casing) and the host rock mass can be very high and the drilling tools can be easily stuck (Azar 2006; Fontoura et al. 2012; Padma Raju and Kumara Swany 2012) . The installation of casing strings can also be complicated in such conditions and the risk of encountering problems is high (Mason et al. 2000; Sanchez and Al-Harthy 2011) .
In order to prevent such problems, a comprehensive understanding of the mechanical behavior of the contact between the steel parts (bottom hole assembly and casing) and the host formation is required. Some authors proposed experimental procedures to determine the friction coefficient (Maidla and Wojtanowicz 1990) while other authors focused on modeling to allow the assessment of force and torque for running casing (Lagreca et al. 1997; Castelletto et al. 2010; Mirhaj et al. 2011) .
For the purpose of a better assessment of the shear strength (friction coefficient and cohesion), a testing program was carried out; this consisted of unidirectional shear tests performed using an advanced shear equipment (Boulon 1995) to characterize the shear strength and shear deformability properties of the steel-rock interface. Normal stress acting perpendicularly to the slipping surface is varied to reproduce different horizontal stress conditions in term of maximum and minimum horizontal stress (Sh min and SH Max ).
claystone and siltstone. Because of their mineralogy, sedimentary rocks are often classified by the predominant grain size of their constituent minerals (e.g., clay minerals, carbonates or quartz) and other textural features such as layering. Claystone is a compact rock that is derived from mudstone and has undergone a higher degree of lithification than shale, but is less clearly laminated. These rocks, which constitute the cap rock layer in many oil fields, play an important role in carbon dioxide sequestration sites to prevent gas leakage from reservoirs.
In shale formations, wellbore stability problems are caused often due to the presence of water (Rojas et al. 2006) . Furthermore, the swelling properties of shale can complicate drilling operations even more.
The tests presented in this study were performed on shale from the Dogger epoch. This rock is roughly made up of 50 % clay, 30 % carbonate and 20 % quartz. The clay is mostly illite with some smectite. Because clay minerals are sensitive to water, special attention has been paid to characterize the behavior of the shale with a natural water content to account for in situ conditions; the natural water content of the rock specimens lies between 4 and 7 %.
The mechanical properties of this shale, including timedependent properties (Table 1) , have been investigated by several authors (Fabre and Pellet 2006; Pellet and Fabre 2007) . Shrinkage and swelling characteristics as well as hydro-mechanical properties and permeability have been also investigated intensively (Cariou et al. 2009; Buzzi et al. 2007 ). However, the mechanical behavior of the rock under direct shear has not been recently investigated (Pellet et al. 2013) .
Testing equipment and testing program

Testing equipment
The shearing device used for this testing program is a 3D shear box (Fig. 1 ) originally developed by Boulon (1995) . This equipment allows the control of stresses and displacements in the three spatial directions; consequently, it is possible to shear rock discontinuities in the two horizontal directions. Moreover, the displacement and the force generated in the third direction (i.e. vertical direction) can be servo-controlled (Pellet et al. 2013) . Therefore, tests can be performed with a constant normal stiffness or zero volume change by controlling the interface dilation. Additionally, it is also possible to carry out shear tests under cyclic loadings (Jafari et al. 2003) .
The originality of this equipment is that during shearing, the two halves of the sample box can move simultaneously in opposite directions. Hence, the normal force remains centered on the sheared surface throughout the whole shearing process and no rotation of the half boxes occurs.
More recently, this equipment was modified to study the hydro-mechanical behavior of rock discontinuities. This improvement consists of a hole made in the center of the lower half box, which allows fluid to be injected into the interface region to simulate in situ conditions and, therefore, is able to account for coupled hydro-mechanical behavior (Hans and Boulon 2003) .
Specimen preparation and material characterization
Direct shear test were performed on discontinuities made up of a steel part and a shale specimen. The upper box contained the shale specimen and the lower box was made of steel. After coring, rock specimens were carefully sealed and were cut just before testing. Figure 2 shows the two parts of the test body (steel plate and rock specimen) before and after assembly, prior to testing.
The steel used to make the lower half box was a raw rolling product commercially available with a roughness characterized by a maximum height of 0.05 mm.
Prior to testing, the rock specimens were embedded and fixed into the upper half box with a grout made up of a mixture of fast-curing cement and Vicat ordinary cement. The optimal ratio (75 % fine sand, 25 % cement) was determined to obtain the maximum strength at a minimum curing time. The ratio of mass of water to mass of cementaggregate (E/C) was 0.15. Rock specimens were directly set and fixed with this cement mixture in the steel boxes. The shear test program included a series of tests performed on discontinuities under two different conditions: the first was a dry condition and the second was fresh water saturated. For these two conditions, tests were performed either with a constant normal load (CNL), or a constant volume (CV). Table 2 summarizes the testing program. Overall, 12 shear tests were performed.
Test results and discussion
Test results were analyzed with the help of three graphs representing, respectively, shear stress versus shear displacement, normal stress versus normal displacement and shear displacement versus normal displacement (Fig. 3 ).
The mobilized friction as a function of shear displacement was also calculated and plotted. The mobilized friction is the ratio of the shear stress divided by the normal stress which acts perpendicularly to the interface. For an applied normal stress, shear displacement increases until the maximum shear stress is reached. At every 2 mm, the normal stress was increased to the next stage and the shearing process was resumed. At the end of the actuator stroke, the shearing direction was reversed and shearing performed in the opposite direction for 12 mm.
By analyzing, the shear stress-shear displacement curve (Fig. 3a) the shear strength and shear stiffness could be determined. Normal stiffness was computed from the curve of the normal stress versus normal displacement (Fig. 3b) . In addition, the dilation or contraction of the interface could be determined from the curve of the shear displacement versus normal displacement (Fig. 3c) .
In the next section we analyze the three curves for each test. Direct shear tests on a dry shale-steel interface
Shearing at a constant normal load (CNL tests)
The first series of tests was conducted on dry steel-shale interfaces tested at three different normal stresses (2, 5 and 12 MPa). These stress levels were chosen to avoid damage to the rock matrix during the shear tests to obtain reliable results. During this test, the normal stress was kept constant. Figure 3 shows the typical behavior of this interface for the three levels of normal stress (TD-CNL-12). The specimen was first slightly compressed to ensure that the two parts of the specimen walls were well positioned (Fig. 3b ). The normal stress was then increased to 2 MPa and the specimen sheared up to 2 mm. The test continued with normal stresses of 5 and 12 MPa. For each stage of normal stress the shearing displacement was 2 mm. Once the final shearing was achieved under a normal stress of 12 MPa, the shear direction was reversed (Fig. 3a) .
For each stage of normal stress, it was observed that during shearing the shear stress increased rapidly to reach a maximum value and then remained almost constant.
For the reverse path, only one stage of shearing was performed and the average shear stress was about 3 MPa for a normal stress of 5 MPa.
It can be seen in Fig. 3c that there was almost no dilation when shearing occurred in the initial direction; however, for the reverse path a slight dilation was observed at the beginning due to some gouge production.
The mobilized friction rapidly increased to stabilize to a residual level (Fig. 3d) . A change in the shearing direction produced a slight decrease in the mobilized friction since the shear stress no longer goes through a peak, a phenomenon that is probably due to abrasion of the surface of the shale specimen.
Shearing with a constant volume (CV test)
In this test, a dry shale-steel interface was sheared while maintaining a constant volume (zero normal relative displacement), which means that the normal stress was controlled to prevent dilation or contraction of the interface.
Test results are presented in Fig. 4 . As in the CNL test, the test began with a normal loading to 2 MPa (Fig. 4b) . Subsequently, the normal stress was increased to 5 MPa and the shearing started with a constant volume. The test was continued by increasing the normal stress to 10 and then 12 MPa. Figure 4a shows that at the beginning of the test, the shear stress increased with the shear relative displacement to a maximum value and then remained constant (no peak stress). This trend was observed for all three levels of normal stress as well as for the reverse path.
With regard to the normal relative displacement, the maximum value was 1.25 mm which is slightly less than for the CNL test (2 mm).
For constant volume tests, when the maximum shear stress was reached, the normal stress decreased (Fig. 4b) . Figure 5 shows the specimen T-CV-18 after a direct shear test at constant volume; the rock surface is damaged as revealed by some noticeable straight scratches. Rock fragments are clearly visible on the steel plate (bottom half boxe).
Direct shear tests on wet shale-steel interface
Shearing at constant normal stress (CNL tests)
The objective of this test was to characterize the mechanical behavior of the shale-steel interface in the presence of water. In order to compare these results with those performed on dry interfaces, all test conditions (normal stress stage and loading rate) were kept the same.
Before shearing the specimens, the swelling of the specimen was characterized. The swelling potential of the specimen was measured by injecting water for 3 days, in several steps (three times per day, 5-10 h apart). At the early stage of testing, an initial normal stress (0.1 MPa) was applied to the specimen and the normal displacement measured.
After 3 days of fresh water injection and swelling measurements, the specimen was sheared. This test was conducted under the same conditions as the previous tests. The normal stress was increased in stages and then the interface was sheared. At the end of the actuator stroke, the specimen was sheared in the opposite direction. Figure 6 presents the results of the shear test on specimen TW-CNL-15. It was found that the shear stress increased rapidly with the normal stress. At 5 MPa normal stress, the shear stress reached a peak and then decreased slowly. Same trends are observed for the next two levels of normal stress (10 and 12 MPa). The maximum relative normal displacement was 1.4 mm for a normal stress of 12 MPa.
The friction coefficient of the wet shale-steel interface decreased compared to that of the dry shale-steel interface for normal stresses of 10 and 12 MPa (Fig. 6d) . As in the previous tests, the coefficient of friction is independent of normal stress between 10 and 12 MPa.
The specimen after testing is shown on Fig. 7 . The steel plate is clearly wet, whereas the shale specimen is severely damaged. Because of the humidity, no shearing scratches are noticeable.
Shear constant volume (CV test)
Shear tests were also conducted at a constant volume on a wet shale-steel interface in the presence of water (resaturated).
As in the previous tests, the swelling and compaction were measured before performing the shear test. Water was injected for at least 3 days prior testing and the swelling of the specimens was measured during the water injection. Figure 8 shows the results of these measurements for specimen TW-VC-20.
At constant volume, the wet shale-steel interface behaves differently from the dry interface. The first difference is in Fig. 6 Shear test TW-CNL-15 performed on a wet shale-steel interface under a constant normal load CNL (5, 10 and 12 MPa): a shear stress versus shear displacement, b normal stress versus normal displacement, c normal displacement versus shear displacement, d mobilized friction coefficient versus shear displacement the evolution of shear stress; for all normal stress levels, the shear stress reaches a peak value and then decreases more significantly (Fig. 8a) . The second difference deals with the friction coefficient, which decreases by 40 % (Fig. 8d) . It can be concluded that the degradation of the sample surface in the presence of water is more important than in the dry condition.
Summary and discussion of test results
Using the experimental results, the mechanical parameters of the shale-steel interface were computed. The values are summarized in Tables 3 and 4 . Attention is focused on the maximum shear stress and the frictional coefficient. The maximum shear stress is the peak shear stress measured during the shear test. To determine the values of cohesion and the friction coefficient of the interface, the Mohr-Coulomb failure criterion was used for both the wet and dry interface conditions. The Mohr-Coulomb failure criterion implies that the shear strength, which depends on friction coefficient and cohesion, increases linearly with the stress level.
Figures 9 and 10 show the results for the maximum shear stress versus normal stress. As expected, it is found there is no cohesion between the steel plate and the shale specimen in the dry condition. On the other hand, a cohesion of 1.1 MPa was measured in the presence of water and the frictional coefficient also decreased. The corresponding friction coefficient dropped from 24°(0.45) in the dry condition to 12°(0.21) in the wet condition.
The mobilized friction coefficients (s res /r n ) were calculated for all tests; in order to obtain the total friction coefficient, the residual values of shear stress were used. Note that the actual test conditions, either constant normal load (CNL) or constant volume (CV), had no influence on the friction coefficient.
The shear stiffness (K s ) was computed for each test and for each normal stress level (Tables 3, 4 ). The evolution of the shear stiffness is shown to be independent of the testing conditions, the loading path and the normal stress during the test. The dispersion of results does not allow for any clear conclusions to be drawn. 
Conclusions
From the results of the 12 shear tests performed on shalesteel interfaces in dry or wet conditions, the following conclusions can be drawn:
• In the shear tests performed with constant normal stress and constant volume, the friction coefficient is independent of normal stress between 5 and 12 MPa.
• For the tests performed with constant normal stress, we observed that below 5 MPa, the interface sometimes dilates. However, under higher normal stress conditions (10 and 12 MPa), the interface always tended to contract.
• The presence of fresh water changes the mechanical properties of the interface. The friction coefficient is decreased whereas cohesion is increased. Overall, the shear strength of the interface is significantly less under saturated conditions than in a dry condition.
• For both types of tests (CNL and CV) , the values of the coefficient of friction measured in the initial shear direction are more reliable than those obtained during the reverse path.
• The shale-steel interface behavior remains almost isovolumetric during shearing, except during the reversal of the shearing path due to the presence of gouge.
Although in real well bore drilling, the fluid is often a water base mud made up of salted water, it is believed that these conclusions will be useful to estimate the shear strength parameters (friction coefficient and cohesion) of shale-steel interfaces. Indeed, these parameters are significantly lower in saturated conditions (usually found in a reservoir) than those in dry conditions, which are sometimes encountered in the upper section of a borehole.
Knowing the friction coefficient and cohesion parameters makes it possible to perform modeling of the interaction between the host rock and the drilling equipment or casing, when complex cases require such an approach. For instance, the horizontal stresses (Sh min and SH max ) which vary with the depth, will affect directly the shear strength of the rock-equipment interface through the normal stress acting on the interface.
Despite the fact that some caution is needed in using these parameters, while accounting for the scale effects and site conditions, the expectation will be to get a better assessment of the forces and torques (by integration of the local shear stresses over the well depth) that are required to pull out tools of the boreholes when they get stuck or to run casing strings when the borehole is deviated. Therefore, the risk of encountering problems during well drilling could be mitigated.
